based technique to design an adaptive perturb and observe (P&O) maximum power point tracking (MPPT) controller. The objective is to improve the efficiency of a standalone solar energy system consisting of a photovoltaic (PV) panel and a DC/DC buck converter connected to a variable load. The proposed FLC based technique is implemented on a TMS320F28335 DSP board and compared to the conventional P&O technique. The performance of the proposed system is validated through outdoor experiments with a 150-Watt PV system.
Introduction
Significant progress has been made over the last few years in the research and development of renewable energy systems such as wind, sea wave and solar energy systems. Among these resources, solar energy is considered nowadays as one of the most reliable, daily available, and environment friendly renewable energy source [1] , [2] .
However, solar energy systems generally suffer from their low efficiencies and high costs [3] . In order to overcome these drawbacks, maximum power should be extracted from the PV panel using MPPT techniques to optimize the efficiency of overall PV system. MPPT is a real-time control scheme applied to the PV power converter in order to extract the maximum power possible from the PV panel. The MPPT working principle is based on the maximum power transfer theory. The power delivered from the source to the load is maximized when the input resistance seen by the source matches the source resistance. Therefore, in order to transfer maximum power from the panel to the load the internal resistance of the panel has to match the resistance seen by the PV panel. For a fixed load, the equivalent resistance seen by the panel can be adjusted by changing the power converter duty cycle [4] . The literature is rich with various MPPT techniques based on different topologies and with varying complexity, cost, and overall produced efficiency. The Hill Climbing (HC) and the Perturb and Observe (P&O) are the most known and commercially used techniques [5] - [8] . Other modified methods such as the incremental Conductance (INC) technique [9] , the neural network (NN) technique [10] , and fuzzy logic controller technique [10] , [11] have been also reported to improve the performance of these techniques.
In HC-MPPT technique, the duty cycle is directly incremented or decremented in fixed steps depending on the panel voltage and power values until the maximum power point (MPP) is reached. The P&O technique shares the same HC concept of operation, but with an additional PI control loop. In the P&O, the converter input reference voltage is the perturbed variable and the duty cycle is computed through an additional PI control loop. The additional control loop results in an increase in the P&O efficiency, as the system demonstrates a faster dynamic performance and better-regulated PV output voltage compared to HC.
The P&O method is commonly used because of its simplicity and ease of implementation [5] - [8] . Furthermore, P&O (with a small step size) in nominal conditions can have MPPT efficiencies mostly the same like other complex techniques, and still easier implementation [6] . However, the drawback of this technique is that the operating point of the PV array oscillates around the MPP. Therefore, the power loss may increase. Furthermore, when the sun insolation changes rapidly, the P&O method probably fails to track the MPP. Another possible disadvantage is that the MPPT may not be able to locate the MPP as the amount of sunlight decreases, because the PV curve flattens out [5] .
In order to overcome these drawbacks and improve the P&O response, many techniques are suggested and investigated in the literature such as, the introduction of three-point weight comparison P&O algorithm [7] and the use of modified adaptive techniques [8] .
This paper proposes a new fuzzy based MPPT technique to adaptively change the P&O perturbation voltage step-size depending on the PV system operating point and the old step-size. The proposed control scheme achieves stable operation in the entire region of the PV panel and eliminates therefore the resulting oscillations around the maximum power operating point. The small signal analysis of the power converter model is presented along with a Lyapunov based stability analysis of the PV system.
PV System Model
The proposed standalone photovoltaic (PV) system consists of three main blocks: PV panel, power converter, and MPPT controller. The following sections will describe the modeling of the PV panel and power converter.
A. PV Panel Model
The PV model represents the solar cell in its simplest form as a PN junction followed by a series resistance as shown in Fig. 1 [12] . The PV system equivalent circuit is described by the following equations: 
B. Power Converter Model
The developed standalone PV system uses a buck converter as a power-processing unit. The buck converter circuit consists of a MOSFET switch and a freewheeling diode, in addition to a rectifier circuit based on a capacitor and an inductor as shown in Fig. 3 . The circuit is controlled through a PWM signal generated by the MPPT controller.
The state-space averaging technique is used to generate the low-frequency small-signal ac equations of the PWM DC-DC converter [13] . The buck converter is assumed to operate in a continuous conduction mode while switching between two states depending on the switch position (ON/OFF). In the first state, (0≤t≤t on ), the switch will be ON, and in the second state, (t on ≤t≤T), the switch will be OFF. 
The small-signal ac model is then obtained as
where
The state-space averaged model that describes the quiescent converter waveforms is
The steady-state solution of the converter is therefore
This equation yields:
Equation (9) represents the DC equivalent input impedance of the buck converter [4] . Referring back to the small signal model ( Figure 4 shows the overall system architecture. The proposed MPPT controller builds upon the simplicity of the P&O technique but eliminates the resulting steady state oscillations by adaptively modifying the reference voltage perturbation step-size C using a fuzzy logic controller.
Proposed System Design
The operation of the P&O technique is explained by the flowcharts given in Fig. 5 . The proposed control scheme takes the absolute power slope S a of the PV panel curve and the old voltage perturbation step C old as its inputs and calculates the change in the new P&O step size ∆C. The two inputs will be fuzzified by using normalized fuzzy sets with three triangular membership functions (MFs): Small, Medium, and Large as shown in Fig. 6 . The output variable consists of a normalized fuzzy set with triangular MF: Negative Big (NB), Negative Small (NS), Zero (ZO), Positive Small (PS), and Positive Big (PB) as shown in Fig. 7 . After the fuzzification of the crisp inputs, the resulting fuzzy sets have to be compared to the rule-base. The rule base is a set of "If premise Then consequent" rules constructed according to the designer system knowledge and experience. Depending on the value of the absolute power slope, the PV panel curve (Fig. 2) can be divided into three regions. Given the old reference voltage and perturbation step C old , the controller will determine the change to the new step in order to reach the MPP.
Referring to Fig. 2 , if the absolute value of the slope S a is Large, this means that the operating point is far from the MPP. The old step C old can have in this case three different values. If C old is Small, then the change in step size ∆C has to be Positive Big (PB) in order to rapidly reach the MPP. Whereas if C old is Medium, the change in step size ∆C has to be Positive Small (PS) in order to reach the MPP without oscillating around it. Finally if C old is Large, the change in step size ∆C has to be Zero (ZO) in order to avoid exceeding the MPP in the opposite direction leading to oscillations. The same scenarios can be applied to the other cases resulting in the rule base shown in Table I . The premise, which is the first part of the rule, is calculated using the inference minimum operator. The operator compares between the rules that are ON in each input MF and takes the minimum rule.
The last step in the FLC process is the defuzzification, which takes the implied fuzzy set and transforms it back to a real continuous number or a crisp output. The center of gravity (COG) defuzzification method is used in this work [14] .
Experimental Results & Verification
The performance of the inner MPPT voltage control loop is verified using step changes to the voltage reference. For the system under consideration, the PI controller gains were optimized as K p =0.01, K i =0.05 to yield a settling time t s =4.8s. A sampling interval T r =15s is used in order to give the PV voltage enough time to reach the reference value before the next perturbation step. The parameters of the Isofoton 150 Watt PV panel and the buck converter are shown in Table II and Table III .
In order to analyze the MPPT system operation, two tests were performed. In both tests, the panel was fixed facing true south with a tilt angle of 52 degrees, which is the winter optimum angle for the city of Sharjah. In test 1 the conventional P&O-MPPT was applied with a fixed reference step ∆V ref = 0.8 V. In test 2, the FLC based P&O-MPPT was used. The results are shown in Fig. 8 . In order to check the stability of the FLC-MPPT algorithm, the system inputs and outputs are plotted for one hour of testing. As shown in Fig. 10 , the duty cycle reaches the MPP and keeps operating around it while the FLC system output converges to zero. Moreover, Fig. 10 shows the ability of the system to act against disturbances as it goes back to the steady state once the disturbances are cleared. Plotting the absolute value of the FLC output as a function of the two FLC inputs in a 3D plot shows that the system output converges to zero in steady state as shown in Fig. 11 .
Conclusion
This paper presents a new adaptive P&O MPPT technique using fuzzy logic control (FLC). The proposed control scheme takes the power slope of the PV panel curve and the old voltage perturbation step as its inputs and computes the optimal P&O voltage step size to reach the MPP without steady state oscillations. The controller was implemented on a 150-Watt prototype PV system. Experimental results obtained from outdoor testing show clearly the performance of the FLC based MPPT and its advantages compared to the conventional P&O technique. 
